The performance of atomic force microscopy cantilevers, as measured by the resonant frequency and spring constant, is directly dependent on the shape of the cantilever. Here we have improved the performance of conventional silicon nitride cantilevers by using focused ion beam milling to minimize the width of the cantilever legs. The resonant frequency in solution for any given spring constant is increased by two-to threefold, and the thermal noise in a given bandwidth is correspondingly reduced.
I. INTRODUCTION
Cantilevers for atomic force microscopy ͑AFM͒ have found widespread use in high-resolution imaging, force measurement, chemical-and biosensors, and measurement of local mechanical properties. The specifically required cantilever properties vary depending on the application. However, in most instances the highest possible resonant frequency is desired for any given spring constant. For imaging, a high resonant frequency allows the tip to more closely track the sample topography and sets the upper limit on imaging speed. 1 For force measurements, a higher resonant frequency leads to better temporal resolution. 2 Another important benefit of high resonant frequencies is based on the fact that the majority of the noise due to thermal vibrations of the cantilever is reflected in motions ranging from dc through the first resonant frequency. 3 Thus increasing the resonant frequency spreads the noise over a larger frequency range, and lowers the noise in any given measurement bandwidth. 4 For a simple beam shaped cantilever in a vacuum, the spring constant and resonant frequency are related to dimensions of the beam by Eqs. ͑1͒ and ͑2͒, respectively,
where w is the width of the cantilever, t is the thickness, l is the length, E is the elastic modulus of the cantilever material, and C is the density of the cantilever material. 5 Thus, as cantilevers are made shorter, the resonant frequency increases as l 2 , while the spring constant increases as l 3 . Conversely, reducing the thickness of a cantilever lowers the spring constant as t 3 , while the resonant frequency only drops linearly with t. Hence, one approach to improving cantilever performance has been to shorten the cantilever while minimizing the thickness for any given length. 2, 4 The resonant frequency of an AFM cantilever drops significantly in solution. The effect of a fluid on the resonant properties of a cantilever was described by Chu, 6 who showed that S V
where S and V refer to resonant frequencies in solution and vacuum, respectively, and f is the density of the fluid in which the cantilever is immersed. Recently, Sader has presented a more complete analysis that includes viscous effects. 7 However, for the sake of clarity, we use Eq. ͑3͒ instead of the full Sader expression. For a typical AFM cantilever, Eq. ͑3͒ predicts S / V ϳ0.25-0.3, which is in good agreement with experimental findings. 1, 8 From the same equation it can be shown that for an appropriate combination of cantilever width and thickness, the reduction of resonant frequency in solution can be virtually eliminated. For example, for a silicon nitride cantilever with a width to thickness ratio of 1, S is 0.9 times that in vacuum. Thus, while cantilever width has no effect on V , decreasing the width effectively increases S . In addition to the change in S , the spring constant decreases linearly with the width. We describe cantilevers that take advantage of these property changes that occur when cantilever widths are minimized.
II. EXPERIMENTAL METHODS
Focused ion beam ͑FIB͒ milling was used to modify the shape of conventional silicon nitride AFM cantilevers ͑Mi-crolevers, ThermoMicroscopes, Sunnyvale, CA͒. Two types of modified cantilevers were produced: rectangular and V shaped. The rectangular cantilever ͓Fig. Note that this cantilever has no tip, although one could readily be added by electron beam deposition. We made the V-shaped cantilever ͓Fig. 1͑b͔͒ by starting with a commercial V-shaped cantilever with a length of 85 m from base to free end, a leg width of 18 m, and a nominal thickness of 0.6 m ͑the F-type microlever͒. This was modified to produce two legs that were approximately 1 m wide and 20 m long, leaving the tip and a sufficient surface area for the optical lever at the free end ͓Fig. 1͑b͔͒. A large portion of the original legs were left in place, so that the final cantilever is a compound structure. While such a compound structure may have some unique properties, here it is simply a consequence of milling small cantilevers from larger ones. Before milling, the cantilevers were sputter coated with ϳ3 nm of chromium to eliminate charging effects, then mounted to aluminum stubs with conductive silver paint. The milling was performed in an FEI FIB-200/xp focused ion beam workstation with a 30 kV Ga ϩ ion beam, and a beam current of 150 pA ͑FEI, Hillsboro, OR͒.
Several cantilevers of each type were milled, and the resonant frequency in air and fluid as well as the thermal noise characteristics of each cantilever was determined. The cantilevers were mounted in a standard ambient or fluid tapping cell. Measurements were performed using a Multimode AFM with a Nanoscope IIIa controller equipped with a signal access module ͑Digital Instruments, Santa Barbara, CA͒. Cantilever deflection voltages were collected with a custom data acquisition system, and data analyzed using custom software written in interactive data language ͑Research Systems, Inc., Boulder, CO͒. 9 To determine the resonant frequency, the raw cantilever deflection signal was sampled at 1 MHz, high-pass filtered above 100 Hz to remove low frequency electronic noise, and used to calculate the power spectral density. We also measured the resonant frequency with the Digital Instruments frequency tuning software, and checked to ensure that it was consistent with the previous result. Thermal noise was tested in a similar fashion. The raw deflection signal of a free cantilever in pure water was bandpass filtered from 100 Hz to 10 kHz, and the root mean square ͑rms͒ deflection was calculated. For several of the cantilevers, we also measured the force constant using an independently calibrated reference cantilever ͑CLFC-NOBO; ThermoMicroscopes͒.
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III. RESULTS
To make the rectangular cantilevers, we started with a straight beam-shaped B Microlever with a nominal resonant frequency of 15 kHz in air and a nominal force constant of 0.02 N/m. After milling, the resonant frequency of cantilever 1 in air increased to 126 kHz, and in water the resonant frequency increased from 3.5 to 51 kHz ͑Table I, Fig. 2͒ . In both cases, there is a peak centered at zero frequency due to 1/f and other electronic noise. The force constant increased to 0.20 N/m. The resonant frequency of cantilever 2 increased by a similar amount, to 106 kHz in air and 42 kHz in water. The small difference between cantilevers 1 and 2 is probably due to the slightly longer legs of cantilever 2. Note that the ratio S / V improved in the modified cantilevers, and is ϳ0.4 compared with 0.25-0.3 for unmodified cantilevers.
To make the V-shaped cantilevers ͑cantilevers 3-5͒, we started with the V-shaped F Microlever, with a nominal resonant frequency of 120 kHz in air and a nominal force constant of 0.5 N/m. After milling, the resonant frequency of cantilever 4 in air remained nearly unchanged ͑123 kHz͒. However, the resonant frequency in water increased to 54 kHz, while the force constant decreased to 0.30 N/m. Here S / V improved to 0.44, similar results were obtained for cantilevers 3 and 5.
The reduced dimensions of the cantilevers led to improved noise characteristics. We compared the deflection due to thermal fluctuations of modified cantilevers in water to that of unmodified cantilevers with similar spring constant. Over a bandwidth of 100 Hz-10 kHz, the thermal noise is lower for cantilever 1 than for a conventional E Microlever ͑Fig. 3͒. The rms thermal deflection of cantilever 1 in this bandwidth is 0.032 nm, while the rms deflection of the E cantilever is 0.22 nm. Since the total thermal noise of a cantilever scales as k
, part of the decrease in thermal noise comes from the higher spring constant of cantilever 1 ͑0.20 N/m, as compared to 0.11 for the E cantilever͒. 3 However, this leads to an expected reduction to 74% of the higher value. Most of the reduction in noise over this bandwidth is due to increased resonant frequency. The rms deflection over this bandwidth is similar to that of a conventional F microlever ͑0.029 nm͒. The F microlever has a nominal spring constant of 0.5 N/m, more than twice that of cantilever 1.
IV. DISCUSSION
The modification of AFM cantilevers described led to an increased resonant frequency and reduced noise for any given force constant; especially in solution. Compared to commercially available silicon nitride cantilevers, the improvement is approximately two-to threefold. The ion beam modified cantilevers do not have the performance of the small cantilevers reported by Hansma and co-workers. 4 However, those cantilevers require a special microscope, 2, 11 while the modified cantilevers developed in this work can be used in any conventional optical lever AFM. Furthermore, the approach described here might be used to improve other cantilever designs beyond the limits imposed by current lithographic methods.
The dimensions of the cantilevers presented in this work are accessible by optical lithographic methods, and thus could readily be mass produced. However, the work does not push the limits of FIB. It is possible to mill Ͻ100 nm legs and produce cantilevers with further improved characteristics. It is also possible to significantly reduce the thickness of the pad in order to reduce its weight, thereby further increasing the resonant frequency of the cantilever for any given force constant. Ultimately, the limiting factor in using this approach lies in the need for a reflective pad. The laser spot size in currently available commercial instruments, such as the Digital Instruments Multimode, is relatively large ͑of order 20 m͒. This pad acts as a large end-loaded mass that significantly reduces the resonant frequency of the modified cantilevers. For cantilever 1, the mass of the pad is approximately 100 times that of the effective mass of the legs. Note that the pad end loads the cantilever legs, while the mass of the legs is distributed along the their length. For a uniform straight beam, the effective end loaded mass is 0.25 times the total mass. The resonant frequency scales with m
Ϫ1/2
, where m is the end loaded mass, so the pad reduces the resonant frequency by a factor of ϳ10. The reflective pad also dominates the hydrodynamic properties of the cantilever in solution, further degrading performance. The size of the pad can be reduced by decreasing the laser spot size, as reported by Hansma and colleagues. 2, 11 However, the need for a reflective surface currently limits cantilever performance. Thus, it appears that inherent limits of the beam deflection detection system are being approached, and further improvements in AFM cantilever performance may require other detection systems.
